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Study of the Boson Resonance Produced
in the Three-Step Two-Body Decay
Process of J/y
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(Institute of High Energy Physics, The Chinese Academy of Sciences, Beijing, China)

The three-step two-body decay process of J/y, J/y -V + X, X >P, + Y, Y = P,+ P,
is discussed by using the generalized moment analysis method. The spin, parity of the
boson resonance X and the ratios of helicity amplitudes of the process can be determined
in terms of the measurement of the corresponding moments except for very special cases.
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1. INTRODUCTION

The existence of the glueballs (pure gluons bound states), hybrids (bound states which include
quarks and gluons, such as, qqg or qqqg), and four quark states is an important prediction of the
quantum chromodynamics (QCD) theory [1]. Potential model, bag model, and lattice gauge theory
expect that the mass of these new hadronic states may lie in the range of 1 to 2.5 GeV [2].

The J/y decay process is considered to be an ideal place to search for these new hadronic states.
The reasons are as follows: (1) The expected mass of the new hadronic states are in the range of 1 to
2.5 GeV. Hence they may be produced in the J/y decay process. (2) The perturbative QCD predicts
that the branching ratio of the J/y radiative decay processes is about 7% [2]. Most of these final-state
hadrons produced in company with photons are the hadronic states with spin-parity J°¢ = 2**, 0~*
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’and 0** [3] which are just the low energy states of glueballs. (3) The QCD also predicts that the
1 branchmg ratio of the J/y hadronic decay processes via the three-gluons decay is about 66 % [2], and
| the lowest order Feymann diagram of these processes is the J/y decay into a hybrid and a usual meson.
3(4) For the J/y particle produced in e*e™ collisions, its energy and momentum are fixed, (E,p) =
| (my,0) in the center-of-mass system of e*e”; The polarization of J/ is also fixed, i.e., the polarization
state with helicity 0 has no contribution and the states with helicity +1 have the same probability. In
| addition, J/¢ is a c€ bound state, namely it is a so-called SU(3) flavor singlet. All of these properties
are favorable for the determination of the characteristics of the final-state hadrons produced in the J/¢
| decay processes.
| In the last ten years, Mark II, Crystal Ball, Mark III, DM2, and BES have done a series of work
| to search for and identify new hadronic states in the J/{ decay processes, respectively. At least three
| candidates of the new hadronic states have been proposed up to now. They are «/7(1440) discovered
| by Mark II [4]; ©/£,(1720)/f,(1710) discovered by Crystal Ball [5]; and £(2230) discovered by Mark
| I [6]. But many characteristics of these new hadronic states have not been fixed yet. For example,
| near the mass region of the «/7(1440) there are at least three resonances, not just one resonance
| 1/n(1440) [7]; It still need to be tested by further experiments that the ©6(1720) has spin O or 2,0rit
: is a mixed structure of 2** and 0**; The existence of the £(2230) has been confirmed by BES from
| three channels, J/y - ~KK, v, ypp, but it is difficult to determine whether the spin of the £(2230)
{ 1s 2 or 4 by using the helicity amplitude analysis method from the 9 million J/y events.
‘ As pointed out in [8], the systematic studies of the three-step two-body processes of J/y

3 et+e —>J/p—>r+X,X—>P,+Y,Y—>P,+ P, 1)
and
1 et+e=>J/p—>V+X,X—>P,+Y,Y—>P,+ P, (@)
|
4(where V is vector meson, P; represents the pseudoscalar meson) provide a way to determine the
| properties of the boson resonance X, which is useful for the study of the new hadronic states. In [81,
i above processes have been discussed by using the angular distribution analysis method. The result
| shows that the spin, parity, and the ratios of the helicity amplitude of the boson resonance X can be
determmed by fitting the experimental angular distribution, provided that Y is a known particle.
Some experimental analyses show that the generalized moment analysis method is more effective
| than the angular distribution analysis method for the determination of the characteristics of the
| resonance [9], especially if the statistics is low and contributions from different spin states overlap
| [10]. Therefore, processes (1) and (2) are discussed by using the generalized moment analysis method
| in this paper. The results show that the spin and parity of the boson resonance X can be distinguished
convemently in terms of the measurement of the moments except for a very special case. In addition,
' since all the helicity amplitude ratios can be expressed by some moments independently, their
| | measurements are simpler and are more useful for reducing the measurement error.

1 2. DERIVATION OF FORMULAS AND DISCUSSIONS

We suppose that the particle Y in process (2) is usual meson. Because Y decades into two

| pseudoscalar mesons, its spin-parity J3YCY can only be 0**, 17~, 2**. Due to limited space we only
| discuss two common cases, J{Y = 0* and 17, in this paper.

We take the c.m. system of e*e™ and choose the direction of the incident positron as the z-axis

and the vector meson V lying in the x-z plane. In this frame we have the matrix elements as follows:

<Vlv'xlx| Tl I d’l,) tind Alv.lxDi:.zv'-lx(o ’ev 9 0) 9



Volume 19, Number 1 41

J
<P1Y1y|TZlX1x> ~ Bz,x{,o igzy(fbneu é1)>
<P2P31T3|Y;.Y> ~ Di:,‘n(‘i’z:az,_(ﬁz), 3)
and

%  (By) ~ —4‘ z (P2, [T lerel )<, ITIC_C ¥ ~ 2|p_|%, '51,.¢1. @)

ryr?

where ©y is the angle between the moving direction of the vector meson V and the incident positron.
The meaning of other symbols has been given in [8]. Therefore, in the c.m. system of e*e~ the angular
distribution of process (2) can been written as

W Oy 015 b150:5b2) ~ > iy, ,B;,,..

ApmEldy,dgidyidg dy

I3 %
B x Dl].lv"lx(o’ev’O)Dlll'lv_‘.;{(o’ev’O)Dl}}ély (‘bl’el’—(bl)

*
D:;J&((ﬁl, 913—'¢1)DJ{§0(¢2,62’ ¢2)D (d)zsez: —2), 2

We now define the moments

M (jimin) = J'dev sin Oyd¢,d6, sin 6,d$,d0, sin 6,D}, _,,(0,6,0)
° Df-..(qsneu —¢1)Di.o(¢zsen _¢2)W(6v ,619 ¢’1,ezs ¢2). (6)

After integrating all the angles we have

M(ilmin) ~ > Ay .. 4% . B)x Bk
dymildyidy dgidyidy R g T e
¢ (ll,iOI_ll;)(llv — Axj — ’”|_11-v — Ax){Jxdxlm |1x1x>
* {JIxdyln | I xdy ){Jydvin|Jyay){J¥0i0|Jy0), (7

where (j,m,j,m,|jm) is the Clebsch-Gordan coefficient.
In the following we will discuss the two cases of J3Y = 0* and 1-, respectively.

2.1. JBY = o+

In this case the parity conservation gives the following relations:

Ay, = Px(—1)x4

=dyi—ig

Bm = —Px (—I)JXB,, 0o 3)

where Ay = 0, +1, Ay = 0, +1, -+, +Jy. Hence process (2) is forbidden for the resonance X with
JiX = 0%, 17 or 2*. The possible lowest states are those with JEX=0",1"and 2".



42 High Energy Physics and Nuclear Physics
2.1.1.JFX = 0
In this case there are two non-zero moments:
M(00000) ~ 4|4, BS,|?,
M(20000) ~ -‘;- | A,,12] B, |2, ©
2.1.2. Jfx =1*

There are three independent helicity amplitudes: 4, 4, 4, and 4, for the process J/y =V + X
and there is only one helicity amplitude By, for the process X = P, + Y according to Eq.(8).
Therefore, we have the following moments:

M(00000) ~ 4(| Aus|* + | Aual? + | Aol )| Bhol

M(02000) ~ =] dyy|? = 2] dual* + | dua|D| Bhol®

M(20000) ~ T(—2] dys|? + | dol* + | 4o Lol

M(22000) ~ L2 4 |? + 2]yl = | AoalD| Blal®,

M(222100) ~ 2 Re(dyidfe) | Bials

M(22+200) ~ %Ido.ll‘l Bi, |2 (10)
2.13. J5x =2"

When Jx = 2 there are four independent helicity amplitudes: 4,,, 4,,, 4,, and 4,, for the
process J/Y = V + X. From Eq.(7) we obtain the following moments:

M(00000) ~ 4(| Ay |? + [ Ay |? + [ dyol? + | 40 ]3| BRol?,
M(02000) ~ —-—;—<z|Al.,1=— | Ayl = 2| Ayl = | Aoy |?) | BLol%,

M(20000) ~ %(IAMP— 2| Ay |? + | Ayol? + | 4o | )| BRol?,
M(22000) ~ —%(ZIA,JPH!A!..P— 2| Aol — | 40 |?)| BLol?,

2/3
3

5

M(22+100) ~ Re( 4,47 — v/ 6 4y, 42| B2, |%,

M(22£200) ~ 32-5- [3] 4|2 — 24/ 6 Re(Ay042)1]| B2, |2,

M(24000) ~ 12—5(!41.21’ 8] Ay |2 6] Ayo]? — 41 Ay D] BLol%,
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9

2 3
M(24+£100) ~ o1 5 RC(\/ 6 A Al + A,.45%) | Bd,|?

4 /3
M(24£200) ~ ET\/ 5 [ [ Ao, |* + \/— Re(4,,,4%, ] | B3.ol% (11)

Therefore, when J§Y = 07, we can easily determine the spin and parity JEX of the boson
resonance X. The reason is that for JgX = 07, all of the moments with / = 2 and 4 are equal to zero,
and there is a simple relation:

M(00000) == 10M(20000), (12)

However, these properties cannot be satisfied simultaneously for JEX = 1+ and 2. Therefore, through
the measurement of moments, the boson resonance X with JEX = 0~ can be distinguished from the
resonances with J{X = 1* and J§{X = 2~ In order to distinguish the state of J2X = 1* from that of JEX
= 27 we measure the moments with / = 4 first. This resonance must be the one with J2X = 2 if there
is one nonzero moment with [ = 4; If all of the moments with [ = 4 are equal to zero and 4,;, # 0,
one can see that the spin-parity of X is 1* or 2~ from one of the following two relations:

(0 for2~
M(00000) — 7M(02000) — 10M(20000) <+ 70M(22000) 1 13
M(00000) — 10M(20000) ".; for 1+
12 -
M(00000) + 5M(02000) — 10M(20000) — 50M(22000) ra for 2 (14)
7M(02000) — 70M(22000) =9
0 for 1*

IfA;, =0but2|A4;o|*# |4y, |* we can still distinguish the resonance of JEX = 1+ from the resonance
of JgX = 2~ by using the relation:

2M(00000) + 5M(02000) — 50M(22200) = [0 for 2~
M(22000) {100 for1*

We cannot distinguish the state of J{X = 1* from the state of J§X = 2" only is a very special case that
all of the moments of / = 4 are equal to zero, 4,, = 0, and 2|4,,|> = |4,,|%

We now define the following independent helicity amplitude ratios x, y, z;, z,, & yand 9, (J =
1, 2):

15)

26iPs mm Al,l’ yeity mm Ax,z’ z,ei%s == Ao.o’

1,0 1,0 Aloo
J J
e i bt g‘?“’- (16)
x.o‘ 10 1.0

After determining the spin-parity of the resonance X, one can determine the helicity amplitude
ratios from the following relations.

For JEX = 1*, one finds

22 o M(00000) — 10M(20000)
M(00000) + 5M(02000) b
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2 50M(22200) ’
" M(00000) + 5M(02000)

50M(22100) ,
M(00000) + 5M(02000)° (17)

XCOS py ==

For J8X = 27, we have

- 245 [M(02000) — 10M(22000)1,
y? = 13_‘1 [M(00000) — 7M(02000) + 15M(24000) + 20M(22000)],

2 - 7?‘1 [5M(22200) + 2 4/15M(24200)1,

xcos g, == [s«/ 3 M(22100) + 94/10M(24100)1,

zycos(p, — bs) = 2 [ V15M(24100) — 54/ 2 M(22100)1, (18)
where

T = 7M(00000) — 4934 (02000) -+ 630M(24000) + 840M(22000), (19)
2.2. %Y = 1~

In this case, the parity conservation gives the following relations:
Alv.l: - Px(—l)le—IVn—‘x
Blr.. - _Px(—l)"xB “ly... (20)
Therefore, only process (2) with J§X = 0 is forbidden.
22.1. 13X =0
In this case we have four moments:
M(00000) ~ 4] 4,,|*| Byl
M(00020) ~ |y |?| By,
M(20000) ~ 2| 4,1 Bl
: ' @n
M(20020) ~ | 4,17 B |2,
222.J5%x =1" , . .-

There are four independent helicity amplitudes: 4, o, 4, ;, 4o and 4, for the process J/Y =V
+ X and there is still one independent helicity amplitude B}, for the process X - P, + Y due to
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Eq.(20). From Eq.(7) we can obtain sixteen moments. Below we only list eight of them which will be
used in the later calculation:

M(OOOOO) i 4(2|A1.1|2+2|A1.o|2 == [Ao.ol2 =+ 2[Ao.1[2)lB§,olz,
M(02000) ~ %(IA,.A*—ztAl.ol*— | Ao ? + | 4y ]| Bl %,

M(02020) ~ —2‘*—5<|Al.,12— 2] dyol? = | Augl? + | 43y || BLoI%,
2(02022) ~ gcux,m—zmmi*— | doal? + | 401171 BLo17,

© M(20000) ~ (=20l |l = Lol + 140D BLI,
M(22000) ~ —22—5<21A,.1l=+z|Ax.°1*— 2| Aol = | Aun| | BLol2,
M(22100) ~ %Re[Ao,lA;'fa Ay, 4%1] B,

M(22200) ~ zﬁs-le,,mB},m, (22)
2.2.3. J5X = 1+

We have 4,, = 0 and there are two independent helicity amplitudes B} , and B} , for the process
X =P, + Y from Eq.(20). In this case the total number of moments is twenty-one. The seven
moments listed below are useful for the later calculation:

1(02020) ~ =L (| dis|* = 2| dual* | sl I BLal* + 21 BLy |,
M(02022) ~ —22(| Ayl = 2| Ay|? + | oD BL I,

M(22022) ~ 5= (21 dual + 21 dual? = | dua D B,

M(22100) ~ —2— - Re[ Ay, 4%1(| BLol? — | BLo|?),

M(22121) ~ 2 Re[Al.lA,.,,]RetB}.,,B;,‘o],

M(22122) ~ -2— Re[ 4,1 4%1] Bi..l‘,

(23)

M(22222) ~ —- le.xl | Bl

2.2.4. JBx = 2+

There are twenty-eight moments when JiX = 2*, The following two moments are used later:
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M(00000) ~ 4(2| Ay |? + 2| Ayol? + | dgal? = 2| Ao |? = 2] 4,219 | BLo1%
M(02000) ~ %(!Amlw- 2| Ayol? + | Agol? + | Ao |? — 214,117 | BL,l?,

M(02022) ~ —§-§-<1A,.l|z+ 2 Ayl + | Aol + | Aoy |? — 2| 4,,]) | B2, |7,
M (20000) ~ %(—zm.klw | Aol? = | Aogl? + | Ao |* 4 | 4,17 | Biol?,
M(22000) ~ —i<zlAml*— 2| dyg|? 4+ 2] o] = | Ao |2 21 4,17 | BL, %,

M(22200) ~ —% [z«/ 6 Re( A, 24%) + 3| 4o, |71] B2, 1%

2«/ '3'.

M(ZZIOO) ~ RC[AI.XA:O - Ao.on 0 \/ 6 Al.lAl.Z] | Bf,olz,

M(04000> ~ g—(4|A1.1|2— 61A10|2— 3‘Aoo|z+41Ao.1|z— lAlzlz)IB ulz:

2
M(24100) ~ —ﬁ\/_s— Re [ A ATy — Ay Ay + —=4,,, 4, 1] | B}l

2 V6
3

8 (2
M(24200) o —21 [ RC(A‘JA o)

~/6

| 40a?] | BLal,

(24)
| 2.2.5. J3X= 2"

In the cases of J{X = 1~ and 27, because Ay, = 0, B3, # 0, there are four independent helicity
amplitudes for the process J/y = V + X and two independent helicity amplitudes for the process X

- P, + Y. There are thirty-nine moments in these cases. The fourteen moments of them which will
be used later are:

M(00000) ~ 4(| 4y, |2+ | Ayol® + | Ao, |? =+ | 4,21 (2| Bdol2 + | Biol® s
M(00020) ~ —1(141.1P'+ IAx.olz'l' | Ao + |A1.zlz)(13§.o!z_ IB%,,,I’),
- 5 P

M(02000) ~ §<1A1.11=+21A1.m+ | doi|? — 2] 4121 BLol? + | Bio|D),

M(02020) ~ -i<|Aml= 2| Ayl | Ao |2 — 2| 4,21%)

X (|Biol* — 2| B.al®>

4/3

M(02021) ~ =gz (| Ay |* + 2] Ayl? + | oy |* — 2] 4y |DRe(BLoBED

M(02022) ~ %cm.xv 2| Ayg|? + | Ay ] — 21 4512 | BLol2
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8+/15

M(04022) ~ —— 315 (41 Ay, | — 6| Ay |+ 4|4, |2 — | 4,,1) | B} 0l?s

M(22022) ~ =2 @l dual? = 20 il — [dou ] + 21 4,41 | B %,

6«/ ——
M(22122) ~ —= Reldy, A¥, — /6 A, A%,1| BL, 1%,

M(22200) ~ —3; [24/6 Re( A, ,4%) — 3| 4,,11*1(| B2o|? + | BL,|D),
M (22220) ~ 15—5 [24/ 6 Re( Ay 4,) — 3| Aoy |21(| B2o|? — 2| B2, |D),

M(22222) ~ —% [24/6 Re( A, 45 — 3| Ao, |11 B2, 1%,
4 [2 .
M(24122) ~ 35/ FRe [ A8, + J L4 an] 18,0,
6

.4 2 6
U 21232) ~ S5 2 ReCtaatt) + 55 | 4 ! 1B, s

From Eqs.(21)-(25) we can see that there is an obvious characteristic for the resonance X of JEX
= 07, that is, all of the moments with / > 0, m > 0, and » > 0 equal zero and only the four nonzero
moments satisfy a simple relation:

2M (00000) == 5M (00020) == 20M (20000) == 50M (20020), (26)

However the above relations cannot be satisfied simultaneously for the resonances X of JEX =
1% or JgX = 2%, Therefore, the 0~ state can be distinguished from the states of 1* and 2+ through the
measurement of the moments. One sees that all of moments with / > 2 equal to zero for the Jy = 1
state, and there are eighteen moments with / > 2 for the 2~ state and twelve moments with / > 2 for
the 2* state. If there exists one non-zero measured value of the moments with / > 2 the spin of this
boson resonance X must be 2. After determmmg the spin, one can fix the parity of the boson resonance
by using the following two relations.

-1 for JEX == 1™

M(02020) _ )] 3

M (02022) %(1 +28) > L for Jix =1+

3 @7
[ 3 for JPx = 2+
M(02000) _ | 3 |
M(02022) 1_;. Q>3 o sx =2 @28)

After the spin and parity of the resonance are determined, the helicity amplitude ratios can be
obtained by the measurement of the moments. For JEX = 1, we have
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2 = %—[M(OOOOO) — 10M(20000) -+ 5M(02000) — 50 (22000)1,
1
Z = —l-[M(ooooo) — 10M(20000) — 10M(02000) + 100 (22000)1,

g = 1;0 M (22200),

1

2,2,c0s (d;,x — ¢,) — *cosp, = 1'1-?—0 M§22100), (29)

1

where
T, == M (00000) 4+ 5M(20000) — 10M (02000) — 50M(22000), (30)

When JEX = 1*, we obtain

7t - ;_5 [10M(22022) — M(02022)1,
2

2} = 2T5° M(22222),

2

£l - 3 M5221002+1
5 M (22122)

£cos by = 35,5—0 M(22122),

_ M(22121) 31)
Sicos by =3 K(22122) °
where

T, = 25[5M (22022) + M (02022) + 5M (22222)1, (32)
For J§x = 2*, we have expressions as follows:

2 - %. [M(00000) — 10 (20000) — 734 (02000) ~+ 70M (22000)1,
’ _
§2 - 16_3T- [4M(00000) — 4034 (02000) — 9 (04000)1,
3

Z; - % [—M(00000) + 10M (20000) + 14M (02000) — 140M (22000)],

% - 2105

yoosh, = ——T- [40+/'6 M(22200) + 274/10M(24200)1,
3

[3¢ 15M(24100) + zoJ 2 M(22100)1,
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zcosp, — z3,c05 (b5, — bs,)

- % [204/3 M (22100) — 274/ 108 (24100)1.
3

(33)
where T, = M(00000) — 5M(02000) — 2 25 4£(20000) + 1;5 M(22000)
81
— I¢ M(04000), 8
Finally, when J¥* = 2~, we can obtain the following relations:
£ - 12;5 [M(02022) — 10M(22022)1,
- é [4M(00000) — 10M(00020) — 100M (02022) + 9+/15M (04022)1,
4
., _175
A= [9M(24222) + 5M(22222)1,
g1 = M(02000) + 5M(02020)
: 5M(02022)
3504/ 3 -
xcou b, = —2%— [10M(22122) + 274/ 2 M(24122)1,
4 .
17546 '
yeos ¢, m —pm— [ —8 M (22200) + 20M(22220) + 27M (24222)]1,
4
»/ 3 M(02021)
§2008 b1 = —r102022) (33
where

894/15

7 35 175 1 .
T, = % M(00000) — ) M (00020) + 4 M (02022) + B M(04022), (36)
3. SUMMARY

We discuss the three-step two-body decay process (2) of J/y by using the generalized moment
analysis. The corresponding moment expressions for the cases of J5Y = 0%, 1%, and JEX = 07, 1%,
2%, have been given. The spin and parity of the boson resonance X can be determined by the
measurement of these moments except for a very special case. And the corresponding experimental
value of the helicity amplitude ratios can also be obtained. Because each helicity amplitude ratio can
be expressed in terms of the moments independently, we can expect that the generalized moment
analysis method may be more convenient than the angular distribution analysis method for the
measurement and the reduction of the measurement error.

The above discussion for process (2) is also applicable to process (1) if 4y = 4y; = 0.
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